Objective: A significant decrease in vitamin D receptor (VDR) and calcium-sensing receptor (CaSR) protein expression has been demonstrated recently in parathyroid (PT) adenomas. In this study, we investigated the relationships between the proliferative activity of parathyroid glands (PTGs) and the expression of VDR as well as CaSR, and compared it with the clinical severity in patients with primary hyperparathyroidism (18HPT). Design: Seven patients with 18HPT were included in this study. Four patients with thyroid carcinoma served as controls. Methods: Immunohistochemical staining was performed on serial sections of PTGs with specific antibodies against CaSR, VDR, and Ki67. Areas examined in each section were selected at random in relation to the gland size. The number of Ki67-positive cells was expressed as a labeling index (LI; positive cells per 1000 PT cells). The expression of CaSR and VDR was semi-quantitatively analyzed based on the intensity of staining. After averages of the scores from all areas were calculated, CaSR and VDR scores, and Ki67 LI were assigned to each gland for use in statistical analyses. Results: In PT adenomas, scores of VDR and CaSR were markedly lower than in normal PTGs ðP , 0:01Þ; while the proportion of Ki67-positive cells in PT adenomas was significantly higher than in normal PTGs ðP , 0:01Þ: Single regression analyses revealed that Ki67 LI was positively correlated with serum levels of intact parathyroid hormone and Ca, and PTG weight (R ¼ 0:70; P , 0:05; R ¼ 0:78; P , 0:01 and R ¼ 0:84; P , 0:05 respectively). Ki67 LI was negatively correlated with CaSR and VDR scores (R ¼ 20:78; P , 0:01 and R ¼ 20:72; P , 0:05 respectively). Moreover, there was a strong positive relationship between CaSR and VDR expression ðR ¼ 0:95; P , 0:001Þ: Conclusions: Marked decreases in VDR and CaSR expression could, at least in part, be responsible for the high proliferation of PT cells and the pathological progression of 18HPT.
Introduction
Calcium homeostasis is regulated mainly by parathyroid hormone (PTH) in vertebrates. PTH secretion, in turn, is closely controlled by extracellular calcium (Ca) concentration through the regulatory activity of the calciumsensing receptor (CaSR) (1) . Genetic studies have indicated that familial hypocalciuric hypercalcemia (FHH) and neonatal severe hyperparathyroidism (NSHPT) are caused by inactivating mutations of the CaSR gene, and activating mutations lead to autosomal dominant hypoparathyroidism (2, 3) . Analyses of CaSR gene knockout mice (CaSR 2/2 and 2/+) have further demonstrated the same phenotypic changes as have been found in NSHPT and FHH respectively (4) . In recent studies, CaSR expression in parathyroid glands (PTGs) has been found to be decreased in cases of primary hyperparathyroidism (18HPT) and secondary hyperparathyroidism (28HPT) that were due to chronic renal failure (5, 6) . We and others have previously demonstrated that CaSR expression is associated not only with PTH secretion but also with parathyroid (PT) growth potential in 28HPT (7, 8) . However, it remains to be seen whether the CaSR is also involved in the growth potential of PT adenomas and/or clinical severity in 18HPT.
PTH synthesis is negatively controlled by 1,25-dihydroxyvitamin D 3 (1,25(OH) 2 D 3 ) through the vitamin D receptor (VDR) (9, 10) . Point mutations of the VDR gene cause hypocalcemic vitamin D-resistant rickets, also known as type II vitamin D-dependent rickets (11) . VDR gene knockout mice have a similar phenotype (12) . Vitamin D suppresses not only PTH synthesis at the mRNA level but also PT cell proliferation (13, 14) . In addition, VDR expression has been shown to be correlated negatively with PT growth potential in hemodialysis patients with 28HPT (7, 15, 16) . Thus, we hypothesized that VDR expression may have some link to proliferative activity in PT adenomas.
The Ki67 nuclear antigen, a non-histone protein of 345 -395 kDa, is expressed in all proliferating cells except those in the G 0 stage (17) . The number of Ki67-positive cells per 1000 PT cells (expressed as labeling index; LI) and measurement of the proliferating cell nuclear antigen have been useful indicators of not only proliferative potential but also prognosis in some kinds of neoplasms (18 -20) .
In the present study, we examined the expression of VDR and CaSR in PT adenomas using immunohistochemical techniques. We have demonstrated a significant decrease in levels of VDR and CaSR proteins in Ki67-positive PT adenomas that affects the proliferative potential of PTGs and the clinical severity of 18HPT.
Materials, subjects and methods

Subjects
Subjects were patients who had been hospitalized in Kobe University Hospital in 1997 -1999 and had undergone parathyroidectomy. Two patients were eliminated from the study because of an increase of serum creatinine (Cr) levels. We selected eleven PTG tissue samples, including seven glands from seven patients with 18HPT and four normal PTGs resected together with thyroid carcinomas from four patients. Four patients with normal levels of serum Ca and intact PTH (cases 1-4) served as normal controls. Among the seven remaining patients, case 11 had lumbar vertebral fracture, case 9 had ureterolithiasis, and the others (cases 5, 6, 7, 8, and 10) were considered hypercalcemic on the basis of their screening blood test in the absence of specific symptoms. Clinical features and baseline data for these subjects are shown in Table 1 .
We also used nine other PTGs for Western blotting. They included four PTGs from four patients with 18HPT (intact PTH levels: 100 -200 ng/l) and five PTGs from three hemodialysis patients with 28HPT (intact PTH levels: 1200 -2000 ng/l). All subjects described above were operated on between 1997 and 1999 and all gave their informed consent. This study was approved by the Institute Review Board of Kobe University Hospital.
Assay Methods
Preoperative levels of serum Ca, phosphorus (P), Cr, albumin and ALP were assayed by standard methods. The serum Ca level was corrected with the serum albumin level. The serum intact PTH level was measured using the Allegro Intact PTH radioimmunoassay kit (Nichols Institute Diagnostics, San Juan Capistrano, CA, USA) (21) .
Antibodies
The anti-human CaSR antibody (ADD) kindly provided by Dr Kimbary Rogers (NPS Pharmaceuticals, Salt Lake City, UT, USA) was a mouse monoclonal antibody against residues 214 -235 of the human CaSR extracellular domain, as previously described (22) . A rat monoclonal anti-human VDR antibody (9A7g.E10.E4; 9A7g) and an anti-actin mouse monoclonal antibody were purchased from NeoMarkers (Fremont, CA, USA). A rabbit affinity-purified anti-human Ki67 antigen was purchased from DAKO (Glostrup, Denmark).
Immunohistochemistry
Eleven resected PTGs were fixed with 10% buffered formalin and embedded in paraffin. The left side of the PTGs were sectioned at 200 mm intervals in parallel.
At each interval, ten serial 5 mm thick sections were made to achieve maximal area. PTG volume was obtained as the product of the average gland profile area in the multiple sections, the number of sections, and the distance between the sections according to the Cavalieri principle (23) . The serial sections with the largest PTG area were kept for immunohistochemical study. Additional sections were chosen in PTGs that were more than 10 mm thick in order to examine them more precisely. Total sections examined were designed to be in proportion to the gland volume.
Immunohistochemical staining was performed as previously described (7) . Briefly, after deparaffinization and rehydration, sections were incubated with 0.3% H 2 O 2 in methanol for 20 min at room temperature to inactivate the endogenous peroxidase. After extensive washing, sections were processed in distilled H 2 O for 10 min using a medical microwave (MI-77; Higashiya, Tokyo, Japan) at 400 W for VDR and Ki67 staining. After blocking, sections were incubated overnight at 4 8C, with ADD (diluted 1:1200 in phosphate-buffered saline containing 1% non-immunized mouse serum), 9A7g (diluted 1:50), and anti-Ki67 antigen (diluted 1:100), followed by incubation with a biotinylated link secondary antibody (containing anti-rabbit and anti-mouse immunoglobulins) and a peroxidase-labeled streptavidin (DAKO Corp., Carpinteria, CA, USA) for 30 min each. Final development was carried out with 3,3-diaminobenzidine containing Ni 2+ and Co 2+ (VDR and Ki67 but not CaSR staining). Slides were then counterstained with hematoxylin for 30 s for CaSR staining. We took special care regarding the conditions that affect stain intensity, especially the final incubation time. Hematoxylin and eosin (H-E) staining was also performed on each serial slide.
Quantification of immunohistochemical signals
Semiquantitative analysis of immunohistochemical signals was performed using a modified version of the method described previously (7) . In brief, areas for analyses were regularly selected on the H-E stain from every eight areas in each section, according to systematic random sampling (23) . Each area was of the same size and the total area examined (8 -24 areas) was designed to be in proportion to the total area of the section on the slide. Each slide then underwent light microscopy at a magnification of £ 200. Immunoreactivity for CaSR and VDR was semiquantitatively evaluated in each area by a grading scale: grade 3, more than 75%; grade 2, 50 -75%; grade 1, 25 -50%; grade 0, below 25% (7). Although normal PTGs contained plenty of fat tissue, evaluation was performed only for chief cells, not for fat cells, endothelial cells, fibroblasts, or blood cells. Ki67-positive cells in each area were counted independent of staining intensity and expressed as Ki67 LI after correction with the chief cell number (positive cells/1000 cells) (18) . These quantitative analyses were performed four times.
The results were reproduced by three independent observers (the coefficients of variation, as determined in a previous study using the same method (7), were 3.8, 2.7, and 3.3%). Also, there was relatively high agreement among the results obtained by the observers (R values were 0.83, 0.92 and 0.86). After taking an average of the scores at all areas (minimum 8, maximum 45), CaSR and VDR immunoreactive scores as well as Ki67 LI were assigned to each gland. Using these scores, we performed statistical analyses of the associations among PT cell proliferative activity and expression levels of CaSR and VDR.
Extraction of detergent-soluble proteins from PTG
Surgically resected PTGs were quickly separated from surrounding fibrous tissue and blood, and minced with fine-tipped scissors. PTGs were resuspended in a lysis buffer (1% Triton X-100, 0.5% deoxycholate, 0.2% SDS, 10 mM HEPES, pH 7.5, 100 mM NaCl, 2 mM EDTA, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride), containing 20 mg/ml aprotinin and leupeptin. Supernatants were separated by centrifugation (14 000 g, 4 8C for 30 min) and subjected to SDS-PAGE and Western blotting.
Western blot analysis
Proteins separated on 6 -15% polyacrylamide gels were transferred to nitrocellulose filters (MSI Westboro, MA, USA) by electroblotting. After blocking, membranes were incubated with primary antibodies overnight at 4 8C. After washing, immunoblots were visualized using the SuperSignal CL-HRP substrate system (Pierce, Rockford, IL, USA) with horseradish peroxidase-conjugated secondary antibodies (Jackson Laboratories, West Grove, PA, USA).
Statistical analysis
All data are expressed as means^S.E.M. One-way analysis of variance and single regression analyses were performed using Stat View 4.5 (Abacus Concepts, Inc., Berkeley, CA, USA) to assess the linear relationships between study parameters, and Pearson's correlation coefficients were calculated. P values less than 0.05 were considered statistically significant.
Results
Proliferative activity of PTGs and clinical manifestations in 18HPT
We first examined the proliferative activity of PT adenoma and normal PT cells with Ki67 immunostaining. Many Ki67-positive cells were observed in PT adenomas from 18HPT patients (Fig. 1a) . The staining pattern revealed that Ki67-positive cells were evenly distributed without focal clusters. Although the expression level of Ki67 antigen varied among the PT adenomas, the relatively homogeneous distribution of Ki67-positive cells was likely to be consistent with their monoclonal expansion. On the other hand, we could find few Ki67-positive cells in normal PTGs (Fig. 1d) . Results of quantitative analyses of immunoreactivity are shown in Fig. 2 . The Ki67 LI was much higher in adenomatous tissue than in normal PTGs. To investigate the association of proliferative activity with the clinical severity of 18HPT, we analyzed the relationships between the Ki67 LI and preoperative serum levels of Ca, intact PTH, and total ALP (Fig. 3) . The Ki67 LI was positively correlated with intact PTH and Ca levels. The Ki67 LI was significantly correlated with PTG weight as well. A similar relationship was observed between the Ki67 LI and serum ALP level, although it was not statistically significant.
VDR and CaSR expression in PT adenomas
VDR immunoreactivity, which was detected mainly in the nucleus, was markedly decreased in PTGs from subjects with 18HPT, compared with PTGs taken from normal subjects (Fig. 1b and e respectively) . Similarly, CaSR expression, which was observed mainly at the cell -cell border, was also decreased in the adenomas (Fig. 1c) , compared with normal PTGs (Fig. 1f) . These staining patterns were mostly uniform in PT adenomas, while hyperplastic PTGs from 28HPT showed heterogeneous staining intensity of each nodule in the glands, as we described previously (7) . In semiquantitative analyses, the expression levels of both CaSR and VDR were significantly lower in the adenomas than in normal PTGs (Fig. 2) . We also analyzed the relationships between the expression levels of the receptors and proliferative activity in adenomas and normal PTGs. Single regression analyses revealed that the CaSR and VDR scores had significantly negative correlations with the Ki67 LI (Fig. 4) . Interestingly, we found a strong positive correlation between CaSR and VDR scores ðR ¼ 0:949; P , 0:001Þ (Fig. 4) . 
Immunoblot analyses of VDR and CaSR expressions
We further examined the expression of VDR and CaSR in four PT adenomas taken from patients with 18HPT and compared them with five hyperplastic PTGs from uremic patients. Fifty micrograms of each clarified soluble protein was separated by SDS-PAGE and used for Western blotting. As shown in Fig. 5 , CaSR protein was detected at 120, 140, and 160 kDa. Higher molecular weight broad bands, which were immunoreactive to ADD antibody, were likely to be oligomers of CaSR in our experimental conditions, as described elsewhere (24) . VDR was also identified at about 54kDa, as expected. Notably, the expression levels of VDR and CaSR in PT adenomas appeared to be similar to those found in PTGs from subjects with 28HPT. The marked decrease in VDR and CaSR in 28HPT has Figure 3 Single regression analyses of Ki67 LI in relation to preoperative levels of serum Ca, PTH and ALP, and PTG weight. Proliferative activity is expressed as Ki67 LI. Ki67 LI had a positive correlation to preoperative serum Ca and PTH. There was a significant relationship between Ki67 LI and PTG weight, as indicated by high coefficients. been demonstrated by us and others (5 -7, 16) ; the results shown in Fig. 5 suggest that VDR and CaSR expression could be also reduced in PT adenomas. We could not compare the protein levels in normal PTGs with those in PT adenomas and hyperplastic PTGs using this technique because of the high levels of fat infiltration in normal PTGs.
Taken together, our findings suggested a role of decreased VDR and CaSR expression in the high proliferative potential found in PT adenomas, resulting in a more serious clinical manifestation.
Discussion
In the present study, we have demonstrated that the high proliferative activity reflected in the Ki67 LI is closely associated with PTG weight as well as preoperative levels of serum PTH and Ca. These findings suggest that proliferative activity is a strong determinant of both PTG and clinical severity in 18HPT, consistent with the results of previous studies (25) . In addition, we have also demonstrated that the decrease, not only in CaSR expression but also VDR protein expression in PT adenoma, compared with that found in normal glands, could play some role in the high proliferative activity of PT cells. These findings are also consistent with our previous results that the decrease of expression of both CaSR and VDR was negatively correlated with the proliferative activity of PTGs from subjects with 28HPT due to chronic renal failure (7) . Thus, our results may be interpreted as strong confirmation of previous reports on the growth potential of PT adenomas (26, 27) . The Ki67 LI in our study was higher than that in a previous study (19) . This can be explained by the characteristics of the patients examined. As shown in Table 1 , our patients had moderate to severe diseases, while Parfitt et al. (19) took account of non-biased random sampling.
Although we know that CaSR expression decreases in highly proliferative PT adenomas (5, 28) , the mechanisms remain unclear. Mutations and deletions of the coding region in the CaSR gene do not seem to be involved in this decrease (29, 30) . The CaSR gene has been demonstrated to have vitamin D-responsive elements (VDREs) in the 5 0 -flanking region and to be regulated by 1,25(OH) 2 D 3 through binding the complex of 1,25(OH) 2 D 3 with VDR to VDREs (31), as has been suggested by an in vivo study of a renal failure model (32) . Taken together with our finding of a significant Figure 4 Single regression analyses between Ki67 LI, CaSR and VDR scores in PTGs. Proliferative activity is expressed as Ki67 LI. There was a negative correlation between Ki67 LI and CaSR as well as VDR scores, whereas the CaSR score had a strong positive correlation with VDR score. Asterisks indicate mean two overlapping values. correlation between CaSR and VDR protein levels, decreased CaSR expression in PT adenoma could be due to low VDR protein levels. Indeed, we showed a significant decrease in VDR protein in PT adenomas, consistent with other studies using RNase protection assays and immunohistochemistry (33, 34) . Although the binding assay detected no significant differences in VDR concentration between affected PTGs and controls in 18HPT (35) , such a negative finding might be based on the limitations of this method. In PTGs from subjects with 28HPT due to chronic renal failure, VDR expression levels have been found to be much lower than those of normal controls and also to be inversely related to proliferative activity (7, 16, 36) . Our Western blot analyses showed that VDR expression levels in PT adenomatous tissue from subjects with 18HPT were similar to those in hyperplastic PTGs from subjects with 28HPT. This similarity is consistent with our immunohistochemical findings, in which the VDR expression level was much lower in PTGs taken from subjects with 18HPT than in normal PTGs. In contrast, a significant decrease (assessed by saturation binding assay) in VDR levels in PTGs from subjects with 28HPT (compared with those taken from subjects with 18HPT) has been reported (15) . Since PTG size was not described by Korkor (15) , this discrepancy might be explained by gland size as well as methodological differences. PTGs used for the binding assay (15) were likely very large, judging from the serum intact PTH levels (means^S.D.; 8000^5600 pg=ml). VDR content in PTGs from subjects with 28HPT tends to decrease with gland size (our unpublished data). Therefore, our findings would not be contradictory compared with previous results.
The regulatory mechanism of VDR expression has been studied. Some works suggest the existence of an organ-specific mechanism (37 -39) , and others demonstrate 1,25(OH) 2 D 3 -induced up-regulation of VDR in kidney, intestine, and osteoblast-like cells (37, 40, 41) , although such regulations in PTGs are controversial (38, 42, 43) . In renal failure, several possible mechanisms have been proposed for VDR down-regulation, such as low plasma 1,25(OH) 2 D 3 concentration (37), accumulation of uremic toxin (44) , and/or high levels of plasma PTH (45) . As VDR expression in PTGs decreased in both 18HPT and 28HPT, as shown in the present study, it seems unlikely that plasma concentrations of 1,25(OH) 2 D 3 , Ca, or P are responsible for VDR down-regulation, as previously suggested (33) . Somatic mutations of the coding region of the VDR gene do not often seem to contribute to the primary pathogenesis of PT adenomas (46) . Therefore, possible mechanisms of VDR down-regulation may involve the decreased stability of VDR mRNA or protein and the increased methylation of the VDR gene following inhibition of its transcription (34) . Further investigation is required to elucidate the regulatory mechanisms of VDR expression in PTGs.
Under some circumstances, VDR and CaSR can play crucial roles in the regulation of PT growth. Sufficient 1,25(OH) 2 D 3 suppresses not only PTH synthesis at the mRNA level but also PT cell proliferation through the VDR (13, 14) . Previous work also indicates the involvement of VDR down-regulation in the high proliferative activity of PTGs in 28HPT (16) . Also loss of function or genetic ablation of CaSR leads to PT hyperplasia (2 -4) . In addition, in vivo administration of CaSR agonists (calcimimetics) has resulted in the prevention of PTG growth in a rat renal failure model (47) . We recently demonstrated an association between decreased expression of CaSR and high growth potential of PTGs from patients with 28HPT caused by chronic renal failure (7) . In the present study, we have demonstrated that similar associations exist in PT adenomas from patients with 18HPT. Thus, decreased expression of VDR and CaSR may affect PTG growth not only in 28HPT but also in 18HPT. On the other hand, we could not find significant correlations between VDR or CaSR expression and PTG weight as well as serum levels of Ca, P, PTH, and ALP in patients with 18HPT. These findings are compatible with previous work, in which expression of neither VDR nor CaSR is directly related to the clinical severity of 18HPT (34) . Additionally, in patients with 28HPT, there are no relationships between VDR mRNA levels and serum PTH, Ca, or glandular weight (33) . However, marked decreases in levels of these receptors are, at least to some degree, involved in the high growth and hormone-secreting potential of PT cells, subsequently inducing a greater mass of PT adenoma as well as more severe clinical status of 18HPT. Since calcimimetics have been shown to be useful for medical treatment of 18HPT (48) , these agents would be likely to suppress PTH secretion and perhaps even proliferation through enhancing the CaSR signaling.
In conclusion, we have demonstrated decreased expression of VDR and CaSR proteins in PT adenomas compared with normal PTGs. Such differences could contribute to the high proliferative activity of PT cells and the pathological progression of 18HPT.
